For an electric conductor in a static magnet, electromagnetic vibration (EMV) is activated to take place when an alternating current flows through the conductor in the direction perpendicular to that of the magnetic field. Following the principle, in the present study we solidified the AZ91D magnesium alloys at various vibration timing moments and then examined the microtexture and microtexture. It is revealed that the decrease of the starting vibration temperature in the mushy zone results in coarse microstructures with large dendritic fragments and eventually with fully developed dendrites that are well oriented with their basal planes being perpendicular to the direction of magnetic field. It has been demonstrated that melt flow is responsible for structural refinement during EMV processing due to the electrical resistivity difference of the solid and liquid. In mushy zone, when vibration is imposed at a low temperature, the fraction solid of the primary phase prior to vibration has been large, which makes the semisolid slurry rather viscous. The intensity and scale of the melt flow is weakened and thus yielding coarse structures. Meanwhile, as the magnetic field is imposed throughout the entire experimental operation, the magnetization torque takes into effect to orient dendrites. The bridging of dendrites may have been accomplished at low vibration temperature before EMV is activated. In this case, the magnetization torque becomes predominant to align crystals along their preferential crystallographic orientation and thus resulting in highly oriented textures.
Introduction
Based on Fleming's left hand rule, when an alternating current (AC) flows through a conductor in the direction perpendicular to that of a static magnetic field, the Lorentz force is produced and thus the conductor is driven to move periodically with the same frequency as that of the AC. This phenomenon is termed ''electromagnetic vibration (EMV)''. Vives 1, 2) might be the first to follow this simple principle to study the solidification behavior of a series of aluminum alloys. It was revealed that microstructures could be refined when the electromagnetic pressure exceeded a critical value after melts were overheated 10 K above their liquidus temperature.
2) From the beginning of 1990s, Miwa and coworkers [3] [4] [5] [6] [7] [8] [9] [10] [11] improved the technique and investigated the microstructure formation of alloys [3] [4] [5] [6] [7] [8] and pure metals [9] [10] [11] during EMV processing. They [3] [4] [5] [6] [7] [8] [9] [10] [11] found that the microstructures could be substantially refined when vibration frequency fell into a suitable interval, more often than not, within the range from about 500 Hz to less than 2000 Hz.
In recent years, there have been increasing applications for AZ91D (with a nominal composition of Mg-9 mass%Al-1 mass%Zn for die casting) magnesium alloy due to its ecofriendly merit. Under a normal casting state, coarse dendrites are predominantly formed in the alloy, which are detrimental to alloy performance. Therefore, refined grains are always desired in order to improve mechanical and chemical properties. We 12, 13) have actually solidified the AZ91D alloy in a static magnetic field with/without EMV processing. It is worth noting that not only in our latest experiments on AZ91D alloys, 12, 13) but also in all previous experiments, [3] [4] [5] [6] [7] [8] [9] [10] [11] EMV was imposed from the temperature above liquidus and terminated either in the mushy zone or below the solidus.
As Vives 14) pointed out, to yield refined grains in ingot production, substantial energy consumption is required. Therefore, the optimum vibration timing, i.e., the proper starting and ending temperature for vibration, is critical in order to minimize energy consumption.
In the present study, we solidified the AZ91D alloy at different vibration timing moments and examined the microstructure and microtexture by the electron backscatter diffraction (EBSD) technique. The influence of vibration timing on microstructure and microtexture formation can be well elucidated when considering the solidification behavior of the alloy. The optimum vibration timing can be inferred, which provides an economical alternative in producing refined structures.
Experimental
Commercial AZ91D ingots were abraded to remove oxide films and then melted in an electric resistance furnace under the protection of a mixture gas of CO 2 and less than 2% SF 6 . The liquidus temperature of the AZ91D alloy is 598 C (871 K), and thus the alloy could be overheated to 648 C (921 K), which has been proved to be conservative in maintaining the alloy composition consistent with its original ingredient. After the melt was held for about 900 seconds for temperature homogenization, it was poured into a wedgeshaped Ransley-typed permanent mould that had been preheated to about 350 C (623 K) for rod casting. The prepared AZ91D ingot was machined with a specification of 50 mm in length and 6 mm in diameter and then encapsulated into an Al 2 O 3 tube. The rod was stabilized by two graphite electrodes, from which two copper electrodes were connected. A removable arc-shaped carbon heater with a length of 40 mm was covered onto the tube to heat the sample. To monitor the thermal profile during heating and cooling process, a K-type thermocouple with a sampling rate of 10 scans per second was inserted into an as-prepared hole in the central position of the Al 2 O 3 tube. A schematic was depicted in Fig. 1 to indicate the sample setup in the superconducting magnetic bore.
After examining the effect of vibration frequency, f , on the microstructure and microtexture formation of the AZ91D alloy, we 12) have confirmed that the optimum frequency is around 900 Hz, at which a refined structure with equiaxed grains can be produced at the magnetic flux density, B 0 ¼ 10 T and the effective electric current, J e ¼ 60 A. Therefore, in the present experiment we set the vibration condition as B 0 ¼ 10 T, J e ¼ 60 A, and f ¼ 900 Hz for all samples. The detailed operation was as follows; the sample was heated, melted, and held at T ¼ 750 C (1023 K) for 120 seconds to homogenize temperature distribution and chemical composition and then the heating power was switched off to cool the sample. When the temperature reached T ¼ 625 C (898 K), the carbon heater was pulled up to cool the sample further. Figure 2 showed the temperature profile of a sample, covering all stages from heating, holding, and then cooling. There was a drastic change in cooling slope upon the pulling up of the carbon heater, showing a faster cooling rate. With regard to this sample, EMV was imposed from liquidus temperature of T ¼ 598 C (871 K) and terminated at 520 C (793 K). Since we have confirmed that grain refinement could be achieved when vibration commenced above liquidus, we started to vibrate from the liquidus of T ¼ 598 C (871 K) and then in the mushy zone from T ¼ 590 C (863 K) with an interval of every 10 K, i.e., 580 C (853 K), 570 C (843 K), 560 C (833 K), 550 C (823 K), and 540 C (813 K), respectively. The ending vibration temperature was set as T ¼ 520 C (793 K) for all samples. As soon as EMV was halted, cooling water was sprayed onto the Al 2 O 3 tube to quench the sample with a flow rate of 6 L min À1 . After the specimen was crystallized, it was cut along the diametric direction with the cutting plane being perpendicular to the direction of the magnetic field. The sample was then mounted, ground, and then polished for microtexture and microtexture characterization. In comparison with a conventional optical microstructure or a scanning electron microscopy image, an EBSD pattern can provide more information not only on microstructure, but also on microtexture for the area of interest. Therefore, the EBSD technique was employed to characterize microtextures and microtextures formed at different vibration timing periods. Here it should be addressed that Mg alloys are active to react with moisture and easy to be oxidized in air; attention was paid during sample preparation. Moreover, the atomic number of Mg is small, making the diffraction intensity weak. Therefore, in order to generate clear Kikuchi patterns for identification, the sample was first carefully polished and then etched using an ion beam shower system (EIS-200ER) to remove the deformed layer. To minimize the oxidation and chemical reaction in air, the sample was set into the scanning electron microscope (SEM) chamber immediately as soon as ion etching was completed. The sample was titled 60 and dynamic focus was operated during data acquisition, which enabled a well-focused scanning in an enlarged area. During data collection, one-step scanning generated a single Kikuchi pattern that corresponded to an indexing pixel, which was represented as one pixel in the EBSD pattern in the subsequent data analysis. Standard cleanup and grain dilatation of the raw data were performed to eliminate incorrect solutions of detected bands, which may be due to grain boundaries or uneven topography of the sample surface. The EBSD color map was produced using the image quality (IQ) as gray scale and inverse pole figure (IPF) to decode the color pixels. Figure 3 shows four EBSD maps of the alloy solidified respectively from the starting vibration temperature of (a)
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C (833 K) and eventually terminated at T ¼ 520 C (793 K). One can see that when EMV starts from the liquidus, the overall microstructure consists of equiaxed grains except two dendritic skeletons in the right up of the micrograph, as highlighted by the white solid curves in Fig. 3(a) . Consistent with the colorful pattern, when the pole figure (PF) of the area is generated from the EBSD map, no preferential orientation can be inferred and the microtexture is completely random, as depicted in Fig. 3 (a 0 ) below the EBSD map. However, further observation of the microstructure reveals that there are a few clusters of neighboring grains that share almost the same color, as marked by the white dashed curves, indicating that these clusters of grains share the similar crystallographic orientation. The EBSP enables an easy identification of this subtle characteristic for grain clusters with a similar orientation relationship, while it is difficult to reveal the relation from a PF map as all those grains with a similar orientation may generate a single diffraction spot.
When EMV begins to operate at T ¼ 590 C (863 K), i.e., below its liquidus in the freezing interval, a hybrid microstructure can be observed, as shown in Fig. 3(b) , where equiaxed grains and several coarse dendritic fragments coexist. Each segment has a unique orientation and the complete dendritic skeleton can be clearly observed. The equiaxed grains around the dendritic segments are colorful without any preference in orientation selection. Similar to this colorful pattern, the diffraction spots in the PF are randomly distributed.
When the alloy is further cooled to T ¼ 570 C (843 K) to initiate vibration, one can find that no fine equiaxed grains can be identified, while only developed dendrites are produced, as shown in Fig. 3(c) . In contrast to the colorful map in Figs. 3(a) and 3(b) ; there are mainly three kinds in color for dendrites, as marked in the map. Furthermore, the misorientation angle, which is defined as the minimum rotation angle required to bring two neighboring crystal lattices into coincidence, has been measured between these three kinds of dendrites; that is in the range of 13.5 to 16.3 degree between (i) and (ii), 25.8 to 29.5 degree between (ii) and (iii), and 10.4 to 15.4 degree between (i) and (iii), respectively. These misorientation angles are rather low, indicating that these dendrites may share similar crystalline orientations. When the corresponding PF is yielded, one can find that diffraction is intensified only at one spot with a highly oriented texture, consistent with the misorientation measurement, as shown in Fig. 3(c  0 ) . Figure 3(d) depicts the EBSD pattern of the alloy when EMV processing is operated from T ¼ 560 C (833 K) and terminated at T ¼ 520 C (793 K). The microstructure consists of coarse dendrites and almost no equiaxed grains can be identified. The map color is almost unique in red, in which there is a minute difference in brightness and contrast for some dendrites if they are further discerned. This reveals clearly that all dendrites formed under the vibration timing interval have been well aligned to (0001) when referring to the color decode reference triangle, which is completely identical to the PF in Fig. 3 (d 0 ) with diffraction occurring exactly in the basal plane.
Here it should be supplemented that further decrease of the starting vibration temperature, e.g., from T ¼ 550 C (823 K) and T ¼ 540 C (813 K), leads to almost the same results as that from T ¼ 560 C (833 K) to T ¼ 520 C (793 K); i.e., coarse dendrites are highly oriented with their basal planes perpendicular to the direction of magnetic field. This is why we omit the result here. 
Discussion
Microstructure characterization indicates that EMV is effective in producing refined structures of alloys and metals at certain vibration frequenices. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In order to elucidate the origin of structure formation, cavitation due to the collapse of bubbles [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] is frequently referred, which is based on phenomena occurring in the ultrasonic band. As the collapse of bubbles could release shock waves, Miwa and co-workers [3] [4] [5] [6] [7] [8] [9] [10] [11] termed it as a micro-explosion mechanism that resulted in the segmentation of growing dendrites and thus refining structures. It should be noted that Vives 14) stressed the role of cavitation on refinement in the Al alloys. However, the primary deficiency of the cavitation mechanism is that the model cannot explain the frequency-dependent microstructure evolution relation, i.e., why cavitation occurs only at a specified medium frequency to form refined structure while at very low or very high frequencies cavitation seems to be less effective to take place and thus yield coarse structures even when the electromagnetic force is maintained as a constant throughout the whole vibration frequency of interest. Meanwhile, there has been little experimental evidence to confirm that cavitation really occurs in melt when vibration is operated at the frequency of several hundred Hertz. Therefore, we shall seek other origins for grain refinement during EMV processing.
We recently solidified AZ31 15) and AZ91D 12) alloys using the EMV technique and examined microstructure development as a function of vibration frequency. In order to elucidate the origin of structural formation, it is considered that the electrical resistivity of solid is only about half of that liquid, therefore, the electric current in solid is about twice of that in liquid and thus the solid is driven to move faster than the liquid in mushy zone due to the stronger Lorentz force. Hence, the uncoupled movement is produced between the mobile solid and the sluggish liquid, from which melt flow can be generated.
When EMV is imposed from the liquidus temperature, melt flow is pushed to act with the wall of the ceramic tube. During the decrease of melt temperature, the primary solid nucleates and then proceeds to grow and thus crystallization commences. With the development of growing crystals, the melt flow promotes the crystal to segment into fine fragments. Concerning the detailed mechanism of melt flow on grain refinement, we shall supplement here that although there is a general belief that externally induced melt flow can promote refinement primarily by dendrite fragmentation, there is not yet agreement on what that basic mechanism is. Flemings 16) reviewed and classified the possible mechanisms into six categories, in which various possible effects from melt flow were incorporated, e.g., the solute diffusion, the thermal perturbation, the stress in asgrown crystals, a high solute content in the solid at the dendrite root, and so forth. More recently, Hellawell et al. 17) proposed a more detailed process in terms of the fragmentation sequence, in which five steps can be described as follows, i.e., (1) local remelting of arms at necks, (2) transportation of segments, (3) survival against remelting, (4) further growth, and (5) formation of equiaxed grains to impede dendrite growth. This process seems to be more realistic in interpreting the fragmentation process when the melt flow is considered to play a major role in influencing microstructure formation. In the other aspect, melt flow rotates and transfers the crystals, which should have maintained their original crystallographic orientations if the melt is free from mechanical disturbance.
18) It is the melt flow that enables the generation of refined grains with random orientations, as shown in Fig. 3(a) .
When EMV starts to impose below the liquidus in the mushy zone, the primary solid has co-existed with remaining liquid; i.e., vibration is initiated in the semisolid state. The volume fraction of the primary solid prior to vibration varies as a function of sample temperature, which can be estimated using the Gulliver-Scheil equation 19, 20) for an ideal binary alloy system:
where f s(T) is the volume fraction of the primary solid at the given temperature T, T f is the melting point of the pure substance, T L is the liquidus temperature, and k 0 is the equilibrium distribution coefficient of the alloy, respectively. Making a rough assumption that the present AZ91D alloy can be approximately treated as the Mg-Al binary alloy, in which k 0 ¼ 0:37, 21, 22) T f ¼ 650 C (923 K) for pure Mg, and T L ¼ 598 C (871 K) for the AZ91D alloy, the f s(T) can be calculated as a function of sample temperature, as shown in Fig. 4 . One can found that f s(T) increases rapidly from about 0.2 at T ¼ 590 C (863 K) to about 0.5 to 0.6 when vibration starts at lower temperatures of T ¼ 570 C (843 K) and T ¼ 560 C (833 K). The calculated fraction solids are consistent with delicate measurements conducted in a differential scanning calorimeter with a mathematical heattransfer model 23) and thermodynamic prediction by the CALPHAD approach 24) for the AZ91D alloy. Moreover, good agreement can be found between this theoretical calculation and semisolid casting experiment, in which coarsening is assumed to be negligible from the semisolid state to the compete crystallization. For a fully liquid metal, the viscosity is usually around 1 mPaÁs, e.g., 1.2 mPaÁs for AZ91D at T ¼ 650 C (923 K) and 0.96 to 1.2 mPaÁs for pure Mg from T ¼ 652
26) When the primary solid is crystallized to form semisolid slurry, there is a slight increase in viscosity when the fraction solid is less than 0.3 even at different shear rates and cooling rates. 16, 27) The viscosity the semisolid slurry increases steeply when the fraction solid reaches 0.4 to 0.5, typically in the range of 0.1 to 10 PaÁs that is similar to that of olive oil, glycerol, and honey 16) and is two to four ordered of magnitude higher than the viscosity of fully liquid metal. This indicates that when vibration is imposed from T ¼ 570 C (843 K) and T ¼ 560 C (833 K), the slurry has become rather viscous as fractions solids reach almost as high as 0.5 and 0.6, as shown in Fig. 5 . In this case, the slurry with such a high viscosity cannot flow as freely as water or fully liquid melt. An experimental to evidence to support the present analysis is that Vives 2) found that there is only a quite slight change in oscillating velocity peak when fraction solid is less than 0.45, whereas the velocity decreases drastically when the fraction solid exceeds 0.55.
Considering the slurry forming and its viscosity variation as a function of fraction solid, the microstructures and microtextures yielded at different vibration timings becomes understandable. The melt viscosity is rather low when vibration is imposed from the liquidus and thus the liquid melt can be effectively stirred to flow once there is primary solid even when vibration is operated just below the liquidus. This flow rate may be sufficient to promote crystals to segment into fine pieces. Figure 5 (ii) Fig. 6 (a) An EBSD pattern of the AZ91D alloy solidified in a static magnetic field of B 0 ¼ 5 T without EMV, which shows a unique color for both the directional (i) and equiaxed (ii) region with fully developed dendrites. The dashed white curve indicates the contacting boundary between the directional and the equiaxed region. The corresponding PF is depicted in (b) with a highly oriented texture directing to its basal plane of (0001).
T ¼ 625 C (898 K) and halted at T ¼ 570 C (843 K) under the same parameters of B 0 ¼ 10 T, J e ¼ 60 A, and f ¼ 900 Hz for the AZ91D alloy. One can find that the grains orientation is random and it is seldom to find grain clusters having the same color. The corresponding PF is chaotic, as indicated in Fig. 5(b) . When vibration commences at T ¼ 590 C (863 K) with 0.2 fraction solid, some dendrites may be completely segmented into fine fragments while others may not and thus leaving a few large dendritic fragments, as shown in Fig. 3(b) . When vibration starts from T ¼ 570 C (843 K), the fraction solid reaches about 0.5 and the viscosity of slurry is rather high. In this case, there may not be sufficient fluid flow in the slurry and thus an embryo can fully develop to form a large dendrite. The Lorentz force may only shift dendrites to deviate a little from their preferential crystalline orientation and thus the diffraction is biased to the (0001) direction. When EMV is imposed from T ¼ 560 C (833 K), the fraction solid is as high as about 0.6, which makes the slurry so viscous that the periodic EMV force has almost no impact on either the microstructure or the microtexture, which is the same as that formed without EMV in a static magnetic field, as shown in Fig. 6 . We 13) have examined the microstructure and microtexture formation of the AZ91D alloy in a stationary magnetic field, in which both the directional and equiaxed dendrites can be aligned with their basal plane of (0001) that is perpendicular to the direction of magnetic field when the magnetic flux density exceeds 5 T because the magnetization torque becomes predominant to control the microtexture formation.
It should be supplemented that as the magnetic field is imposed throughout the entire experimental operation, the magnetization torque takes into effect to orient dendrites once their size exceeds the length scale of micrometers. 13) In this case, the anisotropic magnetization energy of the hexagonal close-packed crystals predominates over the thermal disordering effect and thus crystals are well aligned. Furthermore, the bridging of dendrites may have been accomplished to form networks at the low vibration temperature, e.g., T ¼ 560 C (833 K), before EMV is activated. In this case, the weak melt flow cannot effectively segment dendrites into fine pieces and thus coarse dendrites with a highly oriented texture can be yielded.
Here it becomes clear that in order to produce a refined structure, EMV processing should begin above liquidus temperature and stop no lower than T ¼ 570 C (843 K) for the AZ91D alloy, because further vibration below this temperature is of no help in refining structures.
Conclusions
Employing the EMV technique, we solidified the commercial AZ91D alloys at different vibration timing moments by varying the starting vibration temperature in the mushy zone. It has been suggested that when vibration is imposed from the liquidus of the alloy, melt can be agitated to produce severe fluid flow that is of substantial significance in promoting growing dendrites to segment into debris and thus refining microstructures. In addition, the melt flow can rotate and/or transfer crystals in the mushy zone and therefore making the texture random. When the starting temperature for vibration is decreased in the mushy zone, the primary solid is formed. The lower the starting temperature for EMV, the higher the fraction solid can be produced and the larger the viscosity of the semisolid slurry will be and thus the weaker the fluid flow can be induced, which may not be sufficient to make crystals fragment into pieces; hence coarse microstructure is yielded. Moreover, the magnetization torque due to the magnetic anisotropy of the alloy makes crystals to orient along their preferential crystallographic orientations. For the AZ91D alloy, effective vibration for grains refinement should be carried out above T ¼ 570 C (843 K).
